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ABSTRACT 
In general, it has long been known that the 
hardness of ceramics correlates with gross 
impact performance, however, not to a degree 
useful for materials development. Wilkins, Cline 
and Honodel, 1969, were the first to point out the 
apparent importance of ceramic “plasticity” or 
inelastic deformation mechanisms in BeO and 
AlN in impact performance. More recently, 
Lundberg et al., 2000, have made compelling 
arguments that the compressive yield strength 
(related to hardness) augmented by the amount 
of “plasticity” in ceramics correlates well to 
transitional velocities (dwell), i.e. the velocity (or 
impact pressure) where penetration begins. 
However, a direct measure of plasticity has not 
been determined. Hardness comparisons between 
materials are problematic since the values vary 
with the applied load, however, the full hardness-
load curve can provide much more information 
on material behavior than hardness alone 
measured at a single load.  In this work, several 
methods for curve fitting hardness-load data 
have been compared for both Knoop and Vickers 
hardness on several ceramic materials: aluminum 
oxynitride (AlON), silicon carbide, aluminum 
oxide and boron carbide. A power-law equation 
(H = kFc) is shown to fit the Knoop data quite 
well.  A plot of log10 (HK) vs. log10 (F) yielded 
easily comparable straight lines, whose slope and 
intercept data might be useful parameters to 
characterize the materials.  It is shown on a 
series of hot pressed SiC variants that the 
absolute value of the reciprocal of the slope is a 
measure of plasticity and that the sum of this 
value with the calculated Knoop hardness at 1 N 
is a useful parameter to predict impact 
transitional velocity.  
 

1. INTRODUCTION 

Laboratory scale tests and/or mechanical 
properties that show good correlation with 
structural ceramic impact performance remain 

elusive to date. In order to expedite the further 
development of these materials (e.g. B4C, SiC, 
Al2O3, AlN, AlON, glass ceramics, TiB2 etc. ), 
there is an urgent need to identify quasi-static 
and/or dynamic laboratory scale tests for rapid 
screening purposes, rather than having to utilize 
costly full scale tests early in the development of 
new and improved materials. 
 

2. BACKGOUND 
 
In general, it has long been known that hardness 
correlates with gross impact performance, 
however, not to a degree useful for materials 
development. Wilkins, Cline and Honodel, 1969, 
were the first to point out the apparent 
importance of ceramic “plasticity” or inelastic  
deformation mechanisms in BeO and AlN in 
impact performance. Later, Heard and Cline, 
1980, carried out classic work quantifying the 
effect of confinement on the plasticity of BeO, 
AlN and Al2O3. Stress-strain curves for hot 
pressed AlN as a function of confining pressure 
(indicated on the curves in GPa) are presented in 
Fig. 1, showing that the “plasticity” of AlN is a 
function of the confining pressure; note that at 
about 0.5 GPa AlN behaves in a significantly 
plastic/ductile manner. Appropriately configured 
dynamic compression strength measurements in 
a Kolsky Bar (Split Hopkinson Pressure Bar - 
SHPB), have also been suggested (Pickup and 
Barker, 1997) as a way of determining the 
“plasticity”; McCauley and Quinn, 2006, have 
recently reviewed the determination of structural 
ceramic plasticity using this technique. More 
recently, Lankford, 2004, has reviewed these 
issues in the context of dynamic mechanical 
property measurements and recommended more 
systematic experimental work to clearly define 
the critical mechanisms. A new approach 
recently described by Wilantewicz and 
McCauley, 2008, using the exponent of a power 
law curve fit of the hardness – load curve, has 
been suggested as a quantitative representation 
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of the amount of plasticity in structural ceramics. 
It was also proposed that the sum of the hardness 
and the quantitative plasticity value could be 
used to predict the transitional velocity (dwell) in 
an impact event.  
 

 
Figure 1. Stress-strain curves for hot pressed 
AlN as a function of confining stress; from 
Heard and Cline, 1980;  
 
The theoretical strength of structural ceramics is 
generally estimated as the Young’s modulus 
divided by 10. The actual strength of ceramics is 
controlled by the presence of processing defects 
in the form of pores, inclusions, microstructural 
inhomogeneities and residual stress. It is our 
contention that the stress to activate the inelastic 
deformation mechanisms or plasticity is larger 
than the actual strength in most structural 
ceramics.  
 

 
Figure 2. Confining stress effects on plasticity 
activation 

In addition, we also posit that the actual strength 
can be significantly influenced by confining 
stress/pressure raising the actual strength to 
above the stress to activate plasticity 
mechanisms. This is schematically represented in 
Figure 2 
 
The impact event can be simplified into two 
main stages: a dwell phase, where the impactor 
velocity is nominally zero at the ceramic front 
face, and a penetration phase through fragmented 
ceramic. If the impactor is completely stopped at 
the front surface, this is referred to as “interface 
defeat”. More recently, Lundberg et al., 2000, 
have made compelling arguments that the 
compressive yield strength (related to hardness) 
augmented by the amount of “plasticity” in 
ceramics correlates well to transitional velocities 
(dwell), i.e. the velocity (or impact pressure) 
where penetration begins. 

 
Figure 3. Transitional Velocities from Lundberg 
et al. 2000.  
 
 In Figure 3, V* is the transitional velocity (or 
pressure) and σy is compressive yield strength. 
The lower curve represents a purely brittle 
response, whereas the upper bound curve 
represents a perfectly plastic response, under 
triaxial stress conditions. If the analysis proposed 
by Lundberg et al., 2000, to explain their results 
is correct, then a small amount of “plasticity” can 
have a significant effect on the transitional 
velocity (dwell) of the ceramic. However, it is 
our contention that hardness - load curves may 
be a much more simple way to determine the 
plasticity of structural ceramics. Heard and 
Cline, 1980 used an imposed external 
confinement to activate plasticity, however, there 
is an intrinsic or self confining stress 
environment in hardness indentation 
measurements which should result in similar 
effects.  
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Figure 4. Conceptualized load – hardness curve 
 
In hardness-load curves ( Figure 4) there are, 
conceptually, three main regions: a 
predominantly elastic region, a predominantly 
plastic region and a region of extensive 
permanent damage (fracture) where extensive 
crack initiation and crack growth is occurring. 
The total work of indentation Wt (Bull, 2006), 
includes a number of energy dissipation 
mechanisms and can be formulated as follows: 
 
Wt = Wplas + Wfracture + Welastic + Wthermal+ W ∆ phase      (1)                                       
 
If Wthermal and W ∆ phase are very small: 
 
Wt = Wplas + Wfracture + Welastic                               (2)        
 
And the total work before failure (fracture) 
would reduce to: 
 
Wt = Wplasticity + Welastic                                                 (3)  
 
It is our hypothesis that the transitional velocity 
(dwell) is controlled by the hardness and the 
energy absorption in the predominantly elastic 
and predominantly plastic region, and that an 
appropriate power law equation describing the 
data in this region can be used to determine the 
amount of plasticity in the ceramic and, 
therefore, used to readily determine subtle 
differences in the ceramics. A fracture toughness 
value (KIC) can be determined in the region of 
permanent damage, but this is not a measure of 
plasticity. 
 
3. RESULTS 
 
In previous work, Wilantewicz et al., 2008, fit 
Knoop data on a series of materials using the 
following equations: 
 

                   HK = (a/F) + b                              (4)            
where,  
        a,b = constants 
          F = indentation load 
 
and  
                   HK = (a1′/d) + a2′                          (5) 
where, 
         a1′, a2′ = constants 
          d = diagonal length 
      
Regression analysis using these equations did not 
exhibit consistently high correlations to the data.  
 
 Wilantewicz and McCauley, 2008, fit the same 
data using a power-law equation of the form: 
 
                                                                   (6)                                           
 
where HK is the Knoop hardness (N/m2), F 
indentation load (N), and k,c are constants 
determined by a computer regression analysis; c 
is dimensionless and k has unusual units of N(1-

c)/m2.  Taking the log10 of both sides of Eq. 1 
yields: 
 
                                                                        (7)                                       
 
If Eq. 6 accurately describes the data, then a plot 
of log10HK vs. log10F will yield easily 
comparable straight lines with slope c.  Knoop 
hardness data was also measured on two hot-
pressed boron carbide materials, and was 
collected using the same instrument, and careful 
procedures, described in the previous work.   
 

 
 
 
Figure 5. Rutgers SiC-B  HK2: 18.3 ± 0.2 GPa 
(20 tests); original Lundberg and Lundberg 
(2005) SiC-B 19.1 ± 0.6 GPa  (11 tests). 
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In addition, the Knoop hardness (Figure 5) of 
five hot-pressed silicon carbide materials was 
measured at 19.6 N and compared to the 
transition velocities measured in the reverse 
impact experiments conducted by Lundberg and 
Lundberg (2005). Two SiC-B materials were 
tested: a random one (Rutgers) and one from the 
original set of Lundberg tested samples. It is 
important to note that there is enough very subtle 
differences in the SiC-B samples to effect the 
hardness measurements.  (Note: the hot pressed 
SiC variants were produced by BAE Advanced 
Ceramics, formerly Cercom) 
 
Vickers hardness data were also generated on the 
same specimens, using the same instrument and 
procedures.  A 15 second hold time at the 
maximum load was used.  For these data, in 
addition to using Eq. 6, an additional equation 
was utilized: 
 
                                                                                                                                           
      (8) 
          
 
where HV is the Vickers hardness (N/m2), F 
indentation load (N), and a,b are constants 
determined by a computer regression analysis; b 
has units of N/m2 and a has units of N2/m2.  
Although hardness can be plotted as a function 
of the diagonal size of the indentation, it is 
believed more appropriate to plot data as a 
function of load, since load is the independent 
variable that is under direct control.  The 
constant ‘a’ gives the magnitude of the ISE 
(Indentation Size Effect), with larger values 
indicating a greater change in hardness for a 
given load interval.  Unfortunately, excessive 
cracking at loads greater than about 30 N 
prevented the collection of reliable data.  
 
Fig. 6 compares the power-law curve fit (Eq. 6) 
with the curve fit using Eq. 4 for the Knoop 
hardness of SiC-N.  Note how Eq. 6 fits the data 
over the entire load range much better than Eq. 4, 
particularly at the higher loads, as shown by the 
much higher R2 for the former than the latter 
i.e.,. 0.96 compared to only 0.67, respectively.  
Table 1 lists the R2 values of the curve fits from 
Eq. 6, and those obtained from Eq. 4; columns 2-
4 for Eq. 6 and column 5 for Eq.4. The Knoop 
hardness data for all the materials is shown in 
Fig. 7, plotted using Eq. 7. The slope, c, is 
indicative of the rate of change of the Knoop 
hardness with load. A negative value indicates 
the hardness decreases with load, as expected.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Knoop hardness data for SiC-N; two 
calculated curves using equations 6 and 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* PS-SiC is a pressureless sintered material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Knoop hardness-load data on a series 
of ceramics using equation 7 

b
F

a
HV 

 

Material
Y-int. HK 

(GPa) Slope, c R2
R2 from 

(a/F + b) fit

SiC-N 24.1 -0.0699 0.97 0.67

SiC-B 23.8 -0.0728 0.98 0.67

PS-SiC* 23.8 -0.0845 0.96 0.51

AlON 16.0 -0.0565 0.98 0.65

AD995 CAP3 Al2O3 17.9 -0.0832 0.96 0.81

Cercom B4C 29.6 -0.1536 0.98 0.90

Ceradyne B4C 28.1 -0.1499 0.96 0.91

Table 1.  Knoop Hardness Curve Fit Data  
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The y-intercept hardness, i.e., HK at log10F = 0, 
corresponds to the predicted Knoop hardness at 
F = 1 N, which is very close to the hardness 
measured at F = 0.98 N. The slope and intercept 
data from the Knoop tests are also summarized 
in Table 1. Note in Fig. 7 that the materials with 
the steeper slopes are more brittle and exhibit 
less plasticity.  
 
4. DISCUSSION 
 
It is proposed that the absolute value of the 
reciprocal of the slope (c) is a semi-quantitative 
measure of plasticity and that the sum of this 
value with the measured Knoop hardness at 1 N 
may be a useful parameter to correlate to 
transitional velocity.  Simplistically, the 
transitional velocity should depend on the 
hardness and the plasticity as follows: 
 
Trans. Vel. = HK (1N) +[- (1/c)]            (9)  
 
Using this equation and the experimental 
transitional velocity data from Lundberg and 
Lundberg, 2005, for SiC-N, SiC-SC-1RN and 
SiC-HPN and HK(1N) and (1/c) data from our 
measurements, a least squares analysis resulted 
in the following equation:  
 
Trans. Vel. = 28.24 [(HK(1N) – (1/c)] + 448.856    (10)  

 
Experimental transitional velocities and  
[(HK(1N) – (1/c)] are plotted in Figure 8. Using 
this equation, transitional velocities can be 
predicted for other materials which are listed in 
Table. 2. Comparing the calculated transitional 
velocity with the average measured transitional 
velocity (standard deviation in parentheses), the 
match is quite remarkable: SiC-N – calculated = 
1509 m/s, actual 1507 (±5); SiC-SC- 1RN – calc 
= 1524, act = 1526 (±25); SiC-HPN - calc = 
1625, act =1625 (±12). In addition, transitional 
velocities can be predicted for other materials: 
e.g. AlON = 1401, B4C = 1438-1469.  
 
The plasticity is seen to vary from the most 
brittle boron carbide materials - 6.51, 6.67 to 
AlON -17.70 and SiC-HPN(L) -19.16. However, 
when the hardness is added to these values it 
results in a parameter that seems to correspond 
more closely with the transitional velocities of 
the SiC samples tested by Lundberg and 
Lundberg, 2005.  
 

Finally, these are preliminary results and clearly 
should be followed up in more detailed 
investigations. In addition, since the data was 
obtained using quasi-static hardness 
measurements, extrapolation to dynamic 
environments may not be totally valid and would 
need to be confirmed by additional systematic 
work.  Measurement of transitional velocities is 
an extremely complex experiment with 
specialized equipment. The results in this work 
should be taken in the context of the 
experimental procedures used by Lundberg and 
Lundberg, 2005, to measure transitional 
velocities. 
 
5. CONCLUSIONS 
 
We believe that this is the first time that the 
amount of plasticity before failure has been 
determined in structural ceramics. Other work on 
describing the “brittleness” of ceramics by Quinn 
and Quinn, 1997, and others, has been carried 
out, but those indices do not seem to equate to 
the “amount” of plasticity.  
 
In summary: 
 Knoop hardness-load data for structural 

ceramics are well described by a power-law 
curve fit – which can be conveniently 
plotted as straight lines using log-log plots 

 
 The resulting slope is indicative of the 

amount of plasticity of the materials, which 
may be a useful parameter for materials 
screening 

 
 There appears to be a correlation of the 

combination of hardness and the slope 
(plasticity) to transition velocities 

 
 
Table 2. Calculated plasticity values and 
transitional velocities of selected ceramics. 
 

 



 6

 
ACKNOWLEDGMENTS 

 
Many stimulating discussions with Professor K T 
Ramesh, Johns Hopkins University, George 
Quinn, NIST and Drs. Jerry LaSalvia, Jeff Swab 
and Tim Wright from ARL are gratefully 
acknowledged and appreciated.  
 

REFERENCES 
 
M.L. Wilkins, C.F. Cline and C.A. Honodel, 
UCRL -71817, July 23, 1969 
P. Lundberg, R. Renstrom, B. Lundberg, Int. J. 
Impact Eng., 24, 259-275, (2000) 
H.C. Heard and C.F. Cline, J. Mat. Sci., 15, 
1889-97, (1980)  
J. Lankford, Int. J. App. Ceram. Tech., 1, 205-
10, (2004) 
I.M. Pickup and A.K. Barker, in Shock 
Compression of Condensed Matter, eds. 
Schmidt, Dandekar and Forbes, 513- 516, 
(1997) 
J. W. McCauley and George Quinn, “Special 
Workshop: Kolsky/Split Hopkinson Pressure 
Bar Testing of Ceramics”, ARL-SR-144, Sept 
2006. 
T. Wilantewicz and J.W. McCauley, Proc. 32nd 
Int. Conf. Adv. Ceram., (2008) 
S.J. Bull, J. Phys. D: Appl. Phys., 39, 1626-
1634, (2006) 
T.E. Wilantewicz, W.R. Cannon, and G.D. 
Quinn, “The Indentation Size Effect (ISE) for 
Knoop Hardness in Five Ceramic Materials,” 
pp. 237-249 in Advances in Ceramic Armor II, 
Ceramic Engineering and Science Proceedings, 
Cocoa Beach, Volume 27, Issue 7. Ed’s. 
Andrew Wereszczak, Edgar Lara-Curzio, and 
Lisa Prokurat-Franks (2006).   
P. Lundberg and B. Lundberg, Int. J. Impact 
Eng., 31, 781–792, (2005) 
J.B. Quinn and G.D. Quinn, “Indentation 
Brittleness of Ceramics: A Fresh Approach,” J. 
Mat. Sci., 32 4331-4346 (1997). 
 
 
 
 
 
 
 
 

1500

1520

1540

1560

1580

1600

1620

1640

37 38 39 40 41 42

Hardness - inverse slope

T
ra

n
si

ti
o

n
al

 V
el

o
ci

ty

 
 
Figure 8. Experimental transitional velocity data 
plotted against [HK(1N) – (1/c)]  
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  PO DRAWER 28510 
  SAN ANTONIO TX 78284 
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 3 SRI INTERNATIONAL 
  D CURRAN 
  D SHOCKEY 
  R KLOOP 
  333 RAVENSWOOD AVE 
  MENLO PARK CA 94025 
 
 1 APPLIED RSRCH ASSOCIATES 
  D GRADY 
  4300 SAN MATEO BLVD NE 
  STE A220 
  ALBUQUERQUE NM 87110 
 
 1 INTERNATIONAL RSRCH 
  ASSOCIATES INC 
  D ORPHAL 
  4450 BLACK AVE 
  PLEASANTON CA 94566 
 
 1 BOB SKAGGS CONSULTANT 
  S R SKAGGS 
  7 CAMINO DE LOS GARDUNOS 
  SANTA FE NM 87501 
 
 2 WASHINGTON ST UNIV 
  INST OF SHOCK PHYSICS 
  Y GUPTA 
  J ASAY 
  PULLMAN WA 99164-2814 
 
 1 COORS CERAMIC CO 
  T RILEY 
  600 NINTH ST 
  GOLDEN CO 80401 
 
 1 UNIV OF DAYTON 
  RSRCH INST 
  N BRAR 
  300 COLLEGE PARK 
  MS SPC 1911 
  DAYTON OH 45469-0168 
 
 2 COMMANDER 
  US ARMY TACOM 
  AMSTA TR S 
  T FURMANIAK 
  L PROKURAT FRANKS 
  WARREN MI 48397-5000 
 
 1 PROJECT MANAGER 
  ABRAMS TANK SYSTEM 
  J ROWE 
  WARREN MI 48397-5000

 3 COMMANDER 
  US ARMY RSRCH OFC 
  B LAMATINA 
  D STEPP 
  W MULLINS 
  PO BOX 12211 
  RSRCH TRIANGLE PARK NC 
  27709-2211 
 
 1 NAVAL SURFACE WARFARE CTR 
  CARDEROCK DIVISION 
  R PETERSON 
  CODE 28 
  9500 MACARTHUR BLVD 
  WEST BETHESDA MD 20817-5700 
 
 4 LAWRENCE LIVERMORE NATL LAB 
  R GOGOLEWSKI L290 
  R LANDINGHAM L369 
  J E REAUGH L282 
  S DETERESA 
  PO BOX 808 
  LIVERMORE CA 94550 
 
 4 SANDIA NATL LAB 
  J ASAY MS 0548 
  L CHHABILDAS MS 0821 
  D CRAWFORD ORG 0821 
  M KIPP MS 0820 
  PO BOX 5800 
  ALBUQUERQUE NM 87185-0820 
 
 3 RUTGERS 
  THE STATE UNIV OF NEW JERSEY 
  DEPT OF CRMCS & MATLS ENGRNG 
  R HABER 
  607 TAYLOR RD 
  PISCATAWAY NJ 08854 
 
 2 THE UNIVERSITY OF TEXAS 
  AT AUSTIN 
  S BLESS 
  IAT 
  3925 W BRAKER LN STE 400 
  AUSTIN TX 78759-5316 
 
 3 SOUTHWEST RSRCH INST 
  C ANDERSON 
  J RIEGEL 
  J WALKER 
  6220 CULEBRA RD 
  SAN ANTONIO TX 78238 
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 1 CERCOM 
  R PALICKA 
  991 PARK CENTER DR 
  VISTA CA 92083 
 
 6 GDLS 
  W BURKE MZ436 21 24 
  G CAMPBELL MZ436 30 44 
  D DEBUSSCHER MZ436 20 29 
  J ERIDON MZ436 21 24 
  W HERMAN MZ435 01 24 
  S PENTESCU MZ436 21 24 
  38500 MOUND RD 
  STERLING HTS MI 48310-3200 
 
 1 INTERNATL RSRCH ASSN 
  D ORPHAL 
  4450 BLACK AVE 
  PLEASANTON CA 94566 
 
 1 JET PROPULSION LAB 
  IMPACT PHYSICS GROUP 
  M ADAMS 
  4800 OAK GROVE DR 
  PASADENA CA 91109-8099 
 
 3 OGARA HESS & EISENHARDT 
  G ALLEN 
  D MALONE 
  T RUSSELL 
  9113 LE SAINT DR 
  FAIRFIELD OH 45014 
 
 2 CERADYNE INC 
  M NORMANDIA 
  3169 REDHILL AVE 
  COSTA MESA CA 96626 
 
 3 JOHNS HOPKINS UNIV 
  DEPT OF MECH ENGRNG 
  K T RAMESH 
  3400 CHARLES ST 
  BALTIMORE MD 21218 
 
 2 SIMULA INC 
  V HORVATICH 
  V KELSEY 
  10016 51ST ST 
  PHOENIX AZ 85044 
 

 3 UNITED DEFENSE LP 
  E BRADY 
  R JENKINS 
  K STRITTMATTER 
  PO BOX 15512 
  YORK PA 17405-1512 
 
 10 NATL INST OF STANDARDS & TECH 
  CRMCS DIV 
  G QUINN 
  STOP 852 
  GAITHERSBURG MD 20899 
 
 2 DIR USARL 
  AMSRD ARL D 
  C CHABALOWSKI 
  V WEISS 
  2800 POWDER MILL RD 
  ADELPHI MD 20783-1197 
 
 

ABERDEEN PROVING GROUND 
 
 65 DIR USARL 
  RDRL WM 
   S KARNA 
   J MCCAULEY (20 CPS) 
   J SMITH 
   T WRIGHT 
  RDRL WMB 
   J NEWILL 
   M ZOLTOSKI 
  RDRL WMM 
   S MCKNIGHT 
   R DOWDING 
  RDRL WMM C 
   R SQUILLACIOTI 
  RDRL WMM D 
   E CHIN 
   K CHO 
   G GAZONAS 
   J LASALVIA 
   P PATEL 
   J MONTGOMERY 
   J SANDS 
  RDRL WMS 
   T JONES 
  RDRL WMT 
   P BAKER 
   B BURNS
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  RDRL WMT A 
   P BARTKOWSKI 
   M BURKINS 
   W GOOCH 
   D HACKBARTH 
   T HAVEL 
   C HOPPEL 
   E HORWATH 
   M KEELE 
   D KLEPONIS 
   H MEYER 
   J RUNYEON 
   S SCHOENFELD 
  RDRL WMT C 
   T BJERKE 
   T FARRAND 
   K KIMSEY 
   L MAGNESS 
   S SEGLETES 
   D SCHEFFLER 
   R SUMMERS 
   W WALTERS 
  RDRL WMT D 
   J CLAYTON 
   D DANDEKAR 
   M GREENFIELD 
   E RAPACKI 
   M SCHEIDLER 
   T WEERASOORIYA 
  RDRL SL 
   R COATES 
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 3 FRAUNHOFER-INSTITUT FÜR 
  KURZZEITDYNAMIK (EMI) 
  PROF DR K THOMA 
  DIPL-PHYS E STRAßBURGER 
  AM KLINGELBERG 1 D – 79588 
  EFRINGEN-KIRCHEN 
  GERMANY 
 


